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Abstract
We conducted 28 dilution experiments during August–September 2007 to investigate the coupling of growth
and microzooplankton grazing rates among ultraphytoplankton populations and the phytoplankton community
and their responses to habitat variability (open-ocean oligotrophy, eddy-induced upwelling, and the Mekong
River plume) in the western South China Sea. At the community level, standing stocks, growth, and grazing rates
were strongly and positively correlated, and were related to the higher abundance of larger phytoplankton cells
(diatoms) at stations with elevated chlorophyll concentration. Phytoplankton growth rates were highest (.2 d21)
within an eastward offshore jet at 13uN and at a station influenced by the river plume. Among
ultraphytoplankton populations, Prochlorococcus dominated the more oceanic and oligotrophic stations
characterized by generally lower biomass and phytoplankton community growth, whereas Synechococcus became
more important in mesotrophic areas (eddies, offshore jet, and river plume). The shift to Synechococcus
dominance reflected, in part, its higher growth rates (0.87 6 0.45 d21) compared to Prochlorococcus (0.65 6
0.29 d21) or picophytoeukaryotes (0.54 6 0.50 d21). However, close coupling of microbial mortality rates via
common predators is seen to play a major role in driving the dominance transition as a replacement of
Prochlorococcus, rather than an overprinting of its steady-state standing stock.
In surface waters of the open ocean where inorganic
nutrients are generally scarce, primary producers are
dominated by tiny unicellular phytoplankton (ultraphyto-
plankton), mainly Prochlorococcus, Synechococcus, and
picophytoeukaryotes (Campbell et al. 1994; Liu et al.
2007), which are efficient in acquiring nutrients and
absorbing light energy because of their extremely small
sizes (Raven 1998). During the past decades, many studies
have documented the ecological, physiological, and genetic
characteristics of the ultraphytoplankton (see review by
Partensky et al. 1999; Scanlan and West 2002) in order to
understand what determines the relative importance of
component groups, their biogeochemical implications, and
their interregional differences. In ultra-oligotrophic waters
of the subtropical North Pacific, for example, Prochlor-
ococcus is dominant in both abundance and biomass, and
other components are relatively rare (Campbell et al. 1994).
Higher densities of Synechococcus and picophytoeukar-
yotes are added to the relatively constant base of
Prochlorococcus in the high-nutrient, low-chlorophyll
(HNLC) equatorial Pacific (Landry and Kirchman 2002),
and the three groups make comparable contributions to
ultraphytoplankton biomass in the Arabian Sea, with
dramatic seasonal and spatial shifts in dominance among
them (Campbell et al. 1998; Shalapyonok et al. 2001).
Group dominance also varies strongly among oceanic
provinces and boundary regions of the Atlantic Ocean
(Zubkov et al. 1998).
Factors that regulate ultraphytoplankton standing
stocks include bottom-up controls on the growth environ-
ment (temperature, nutrients, and light) as well as top-
down mortality pressures, especially grazing and likely viral
lysis, though field studies of the latter are few. With
significant nutrient-uptake size advantage, as well as
organic uptake capabilities (Zubkov et al. 2003), Prochlor-
ococcus spp. is best adapted to exploit warm-water
oligotrophic habitats, with forms that extend deep into
the water column (Partensky et al. 1999). Synechococcus
and picophytoeukaryotes are typically more abundant in
more mesotrophic conditions. Shifts in relative abundance
and/or dominance among the ultraphytoplankton groups
not only depend on growth conditions, however, but also
require change in the balance of growth and loss processes,
which is poorly understood. As major consumers of the
ultraphytoplankton, nano-sized heterotrophic protists link
the grazing mortalities of the component groups. Theory
suggests, for example, that relative grazing vulnerabilities
should be defined by a fixed size relationship roughly
proportional to cell radius (Monger and Landry 1990,
1991), which provides another advantage to small size.
Perturbation experiments, such as open-ocean iron fertil-
ization (Landry et al. 2000), have shown, for example, that
grazers can respond quickly to control or suppress
ultraphytoplankton populations, even as other size classes,* Corresponding author: liuhb@ust.hk
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and phytoplankton biomass as a whole, are strongly
increasing. We know little, however, about how growth
and mortality rates of co-occurring microbial populations
interact to regulate community composition in natural
systems.
The South China Sea (SCS) is a semi-closed, large
marginal sea located in the tropical region of Southeast
Asia. The central SCS is mostly oligotrophic because of
stratification and isolation by circulation gyres (Wong et al.
2007), and it is thus a system that is strongly dominated by
ultraphytoplankton, except in adjacent coastal areas (Ning
et al. 2004). During the summer, an offshore current forms
eastwards near the Vietnam coast between 11uN and 14uN,
inducing cold-core eddies and open-ocean upwelling (Xie et
al. 2003; Ning et al. 2004). Dispersal of cold upwelled water
to the east is aided by SW monsoonal winds and is
seasonally strongest in August (Xie et al. 2003). Upwelled
nutrients often support modestly elevated chlorophyll
concentrations (0.4 mg L21 at 75 m) and primary produc-
tivity (754 mg C m22 d21) in this region (Ning et al. 2004).
In addition, the Mekong River, a large river on the
Indochina Peninsula, also carries significant nutrients into
the southwestern SCS and may potentially stimulate
biological activity (Wong et al. 2007). The western SCS in
summer thus provides a mosaic of subtly varying habitats,
some richer, some poorer, that should have different
community compositions and select differently among
ultraphytoplankton populations.
The main objective of this study was to utilize habitat
variability in the SCS to explore the coupling of growth and
grazing processes within and among ultraphytoplankton
populations, and in relation to community rates based on
chlorophyll a (Chl a) as a biomass proxy. Key issues and
questions in the study are: (1) How are relatively subtle
variations in oceanic habitat reflected in the relative growth
rates of different populations? (2) How are population
grazing losses linked to one another and to the abundance
of nanoflagellate grazers? and (3) What might the coupling
of these processes tell us about the underlying dynamics of
dominance shifts within the ultraphytoplankton?
Methods
To assess growth and grazing rates of ultraphytoplank-
ton populations and the autotrophic community, we
conducted 28 dilution experiments on a cruise on board
the research ship Dongfanghong2 in the western SCS from
15 August to 08 September 2007 (Table 1; Fig. 1). The
cruise was separated into two legs. The first focused on the
area north of 13uN up to 15.75uN (Stas. 1–19), whereas the
second leg focused on the area from 11uN to 13uN (Stas.
20–28). The transect line at 13uN (Stas. 3–5, 20, and 21) was
visited twice, once on each leg.
Because of sampling and manpower limitations, exper-
imental incubations were conducted with surface-collected
water. All incubation bottles, tubing, and carboys were
washed with 10% HCl and rinsed thoroughly with distilled
water and ambient seawater before each experiment.
Seawater was collected from the surface using an acid-
cleaned polyethylene bucket and was processed immedi-
ately after sampling. Measured amounts of particle-free
water, prepared by gravity-filtering the seawater through a
0.2-mm filter capsule (Pall Corporation), were first added to
1.2-liter polycarbonate bottles, and the bottles were then
gently filled with whole seawater to capacity. The filter
capsules were soaked in 10% HCl for more than 2 h before
the first use and were washed with diluted acid, distilled
water, and ambient seawater between each experiment.
Duplicate polycarbonate bottles were prepared for five
dilution treatments of 6%, 27%, 51%, 73%, and 100%
natural seawater. All 10 bottles were enriched with
inorganic nutrients (final concentrations of 0.5 mmol L21
NH4Cl, 0.03 mmol L21 KH2PO4, 1 nmol L21 FeCl3, and
0.1 nmol L21 MnCl2) to promote constant phytoplankton
growth. Another two bottles filled with unfiltered seawater
without nutrient addition served as no-nutrient controls.
Two additional bottles filled with unfiltered seawater were
sacrificed for initial samples for Chl a and flow cytometric
(FCM) analyses. All of the bottles were tightly capped and
incubated for 24 h in a deck incubator cooled by running
seawater and exposed to natural sunlight. Incubations were
typically initiated within 1 h after water collection. After
incubation, duplicate samples were taken from each bottle
for Chl a and FCM analyses.
For Chl a analyses, 500-mL seawater samples were
filtered onto GF/F glass-fiber filters under low vacuum.
The filters were wrapped in aluminum foil and kept frozen
at 280uC until analysis. Upon return to the lab, Chl a
concentrations were determined by the acidification meth-
od (Strickland and Parsons 1972) on a Turner Designs
fluorometer (model Trilogy 040) after extraction in 90%
acetone at 4uC in the dark for 20 h.
FCM samples were fixed with 0.2% buffered parafor-
maldehyde and frozen at 280uC (Vaulot et al. 1989). Cell
abundances of ultraphytoplankton and heterotrophic
bacteria were enumerated using a Becton-Dickinson
FACSCalibur cytometer, with different populations distin-
guished based on side-scattering (SS) and orange and red
fluorescence (Olson et al. 1993). Yellow-green fluorescent
beads (1 mm, Polysciences) were added to the samples as an
internal standard. For counting heterotrophic bacteria, the
samples were stained with 0.01% SYBR Green I (Molec-
ular Probes) in the dark at room temperature for 20 min
before analysis (Marie et al. 1997). The flow rates were
1 mL s21 for phytoplankton analysis and 0.25 mL s21 for
heterotrophic bacteria. Resulting cytograms were analyzed
using Cytowin 4.3 software (Vaulot 1989). Cellular
biovolumes and equivalent spherical diameters (ESDs) of
plankton were estimated from SS using an empirically
determined equation (biovolume 5 7.56 3 SS1.08) from Gin
(1996). The maximum ESD corresponding to the highest
data acquisition channel of our cytometer was 10 mm. This
estimation of cell volume was considered to be rough
because we did not take diel variations of cellular volumes
into account. We used carbon : volume conversion factors
of 0.28 pg C mm23 for Prochlorococcus and Synechococcus
(Liu et al. 2007) and 0.22 pg C mm23 for picophytoeukar-
yotes (Zubkov et al. 1998).
Heterotrophic flagellates, also stained by SYBR Green I,
were enumerated in initial samples only for each experi-
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ment according to the protocol of Zubkov et al. (2007). For
these sample analyses, we counted a total volume of
300 mL. Heterotrophic flagellates were distinguished from
heterotrophic bacteria and phototrophic nanoplankton in
FL1–FL3 cytograms as described by Zubkov et al. (2007).
Heterotrophic eukaryotes in addition to flagellates were
likely also included in these counts.
At 15 stations, microphytoplankton in initial water
samples were identified and counted microscopically.
Water samples were fixed with 1% Lugol’s iodine solution
in polyethylene bottles. Fixed subsamples of 25 mL were
settled for .24 h (Utermöhl 1958), and phytoplankton
were enumerated at the species level by inverted microscopy
(American Optical) at 2003 and 4003 magnification
(Yamaji 1991; Tomas 1997). At 12 stations, size-fraction-
ated Chl a measurements were also made on initial water
samples by sequentially filtering the water through 20-mm,
2-mm, and GF/F filters. Chl a was extracted and quantified
for each size fraction as described above.
Assuming an exponential growth model, we calculated
the net growth rate (ki) of phytoplankton in each dilution
treatment according to the formula ki 5 ln(Ci/[Di 3 Co]),
where Ci is the Chl a concentration in the ith treatment
bottle at 24 h, Di is the dilution factor (proportion of
unfiltered seawater) of the ith treatment, and Co is the
initial Chl a concentration. Estimates of phytoplankton
growth rate with nutrient enrichment (mn) and mortality
rate (m) were derived from model I linear regressions of net
growth rate vs. dilution factor (Landry and Hassett 1982).
In situ estimates of phytoplankton instantaneous growth
rate (mo) were computed as the sum of m and net growth
rate in control bottles without added nutrients. For a few
cases of positive slope of the linear regression (negative
grazing rates, but not significantly different from zero), we
determined m to be zero and mn to be the average value of
the net growth rates of all five dilution treatments with
nutrient enrichment (Murrell et al. 2002).
We used FCM-derived estimates of cellular biovolume
and fluorescence to correct Chl a estimates of phytoplank-
ton growth rate for pigment photoacclimation. For each
experiment, the ratios (R) of cellular red fluorescence to
biovolume were calculated for initial and final FCM
samples. Corrected phytoplankton growth rates (mo9 and
mn9) were calculated as m9 5 m 2 ln(Rf/Ri), where Ri and Rf
are the initial and final R estimates (Landry et al. 2003).
Primary production (PP) and biomass grazed by micro-
zooplankton (G) were calculated according to Landry et al.
(2003):
PP ~ Cm | mo
G ~ Cm | m









where Cm is the mean phytoplankton concentration in the
control bottles during incubation, Co is the initial
phytoplankton concentration, mo9 is the corrected instan-
taneous growth rate of phytoplankton, m is the grazing
mortality rate of phytoplankton, and t is the incubation
time (1 d). The carbon contents of ultraphytoplankton were
converted from biovolume estimates using the carbon : vo-
lume ratios given above. The percentage of standing stock
consumed by microzooplankton per day was computed as
G : Co, and the percentage of PP consumed per day was
determined as G : PP, which reduced to m : mo9. Similar
calculations of carbon production and biomass grazed by
Fig. 1. A schematic graph of experimental station locations (black dots marked by
numbers). Two large dashed circles delineate the two cold-core eddies observed in the survey, and
the other two large circles show the approximate positions of the cold offshore jet and the
Mekong River plume (see text).
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microzooplankton were made for each analyzed population
of the ultraphytoplankton.
Pearson’s correlation efficient was used to represent the
correlative relationships between two variables, and paired
or independent t-tests were used to compare the mean
values of two groups. All statistical analyses were
conducted using SPSS 13.0.
Results
Hydrographic conditions—During our 1-month cruise in
the western SCS, we observed two cold-core eddies
characterized by low temperature, high salinity, and high
nutrient concentrations (Dai unpubl.; Fig. 2). The first
(Eddy I) was centered at Sta. 12 and the second (Eddy II)
covered Stas. 20, 23, 24, and 26 (Fig. 1). We also observed
an offshore eastward jet upwelled from deep water signified
by low surface temperature and high salinity around 13uN
covering Sta. 5 (Fig. 2A,B), and the influence of Mekong
River plume at Sta. 27 was evidenced by reduced salinity
(Fig. 2B). Surface (0 m) signatures of the eddies were not as
evident as those below 25 m, especially for Eddy II (Dai
unpubl.). Sea surface temperature and salinity varied,
respectively, from 26.5uC to 29.9uC and from 31.3 to 34.1
(Table 1), and their values were negatively correlated
(Pearson’s r 5 20.6, p 5 0.001, n 5 28). Surface
concentrations of nitrate plus nitrite were consistently
below detection (,0.2 mmol L21) by standard nutrient
analysis. However, phosphate concentrations were measur-
able, ranging from 5 to 54 nmol L21, with a mean value of
18.2 nmol L21 (SD 5 12.1, n 5 28; data courtesy of L.
Wang, Xiamen University, China). The highest phosphate
values were associated with Eddy I (Fig. 2C). Surface Chl a
varied from 83 to 323 ng L21 (mean 6 SD 5 148 6
50 ng L21, n 5 28), with the highest concentration
associated with the coldest water at Sta. 5 (Fig. 2D).
Phytoplankton abundance and biomass—Among larger
phytoplankton, diatoms, consisting mainly of chain-form-
ing Chaetoceros and Thalassionema spp., were relatively
abundant (.104 cells L21) only at Stas. 5, 25, and 27
(Table 1). Large dinoflagellates were consistently at low
densities (,300 cells L21, data not shown). The study area
overall was thus dominated by small cells. At the 16
stations where size-fractionated Chl a was measured, the
.20-mm fraction contributed 0–25% to total Chl a, and
nanoplankton (2–20 mm) contributed 13–52% (Table 1).
On average, the picoplankton fraction (,2 mm) was the
most important, comprising 72% of total Chl a.
Prochlorococcus generally dominated ultraphytoplank-
ton abundance in the study region (Fig. 3A), with densities
ranging from 3.1 to 23 3 104 cells mL21 (mean 5 12 6 6.1
3 104 cells mL21) and accounting on average for 73% 6
24% of total cell numbers. Highest surface cell densities of
Prochlorococcus were found in northern waters east of
Eddy I (Fig. 2E), and there was no significant relationship
between Prochlorococcus abundance and Chl a concentra-
tion for the area as a whole (Fig. 3A).
With densities ranging from 3.4 3 103 to 1.5 3 105 cells
mL21 (mean 5 4.3 6 4.6 3 104 cells mL21), Synechococcus
was less abundant on average than Prochlorococcus, but its
abundance was substantially more variable (Fig. 3A).
Highest Synechococcus abundances were found in the
southwest sector of the study region on the southern edge
of Eddy II (Fig. 2F), exceeding Prochlorococcus cell
densities fivefold at Sta. 26. Compared to the photosyn-
thetic bacteria, picophytoeukaryotes (mean 5 1.4 6 0.7 3
103 cells mL21) were always a minor component of
phytoplankton total abundance (Fig. 3A). However, they
contributed significantly to biomass, representing on
average 19% of the estimated total carbon biomass of
ultraphytoplankton, compared to 45% and 36% for
Prochlorococcus and Synechococcus, respectively (Fig. 3B).
In contrast to Prochlorococcus, cell abundances of
Synechococcus and picophytoeukaryotes both increased
positively with increasing Chl a (r 5 0.55 and 0.68,
respectively, p , 0.01, n 5 28; Fig. 3A). Heterotrophic
components of the microbial assemblage (heterotrophic
bacteria, mean 5 5.4 6 1.8 3 105 cells mL21; heterotrophic
flagellates, mean 5 542 6 254 cells mL21) were also
positively correlated with Chl a (r 5 0.61 and 0.66,
respectively, p , 0.01; Fig. 3A). For picophytoeukaryotes,
heterotrophic nanoflagellates, and heterotrophic bacteria,
the station with highest Chl a (Sta. 5) was the location of
maximal or near-maximal measured abundance and
biomass (Figs. 2G–I, 3A,B). However, cell abundances
and especially percentage biomass contributions of photo-
synthetic bacteria were notably reduced at this station.
Phytoplankton community growth and grazing—Chl-
based rate estimates of phytoplankton growth and micro-
zooplankton grazing are summarized in Table 1 and
plotted spatially in Fig. 4A,E. Phytoplankton growth rates
with nutrient addition corrected for photoacclimation (mn9)
ranged from 0.16 to 3.05 d21, with a mean (6SD) of 1.13 6
0.82 d21. Growth rates without nutrient addition corrected
for photoacclimation (mo9) varied from 20.11 to 2.41 d21,
with a mean of 0.75 6 0.62 d21. To distinguish Chl-based
and FCM-based growth rates for presentation and
discussion, we hereafter refer to Chl estimates of mo9 as mChl.
Community growth rates were generally higher in the
southwest sector of the study region and lowest in the
northeast (Fig. 4A). Especially high estimates of mChl
(.2 d21) were observed at Sta. 5, located in the cold jet
at 13uN, and at Sta. 27, which was under the direct
influence of Mekong River plume. In the northern portion
of the region, mChl was slightly elevated east of Eddy I
(,0.7 d21). At Stas. 20, 23, 24, and 26 within Eddy II, rates
of mChl were generally higher than in Eddy I (Fig. 4A). In
the southern sector, mChl was higher onshore except at Sta.
25, where diatoms were abundant. At most stations, the
phytoplankton community showed growth responses indi-
cating nutrient limitation (mChl , mn9). The average
mChl : mn9 ratio was 0.64 6 0.29.
Chl-based estimates of microzooplankton grazing (mChl)
varied from 0.08 to 2.19 d21 (mean 5 0.65 6 0.51 d21)
(Table 1; Fig. 4E). Because grazing mortality rates were
strongly correlated with mChl (r 5 0.87, p , 0.01; Fig. 5A),
distributional maps of the two rate estimates showed
similar features (Fig. 4A,E). Microzooplankton consumed
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8% to 245% of phytoplankton standing stock daily (mean
5 70% 6 57%). Losses to microzooplankton grazing
accounted for 43% to 225% of daily PP (mean 5 88% 6
38%, n 5 25; excluding data with mChl , 0.2).
Population growth and grazing—Rate estimates for
individual populations of the ultraphytoplankton are also
depicted spatially in Fig. 4. Growth rates of Prochlorococ-
cus (mPro) averaged 0.65 6 0.29 d21 (range 5 0.04 to
1.33 d21) and showed little evidence of nutrient limitation.
Grazing rates (mPro) averaged 0.49 6 0.26 d21 (range 5
0.07 to 1.13 d21), corresponding to a daily loss of 52% 6
25% of standing stock (range 5 10% to 125%). Excluding
data with mPro , 0.2, the percentage of Prochlorococcus
production grazed per day ranged from 9% to 285%, with a
mean value of 83% (SD 5 57%, n 5 27).
Growth rates of Synechococcus (mSyn) averaged 0.87 6
0.45 d21 (range 5 0.14 to 1.83 d21), and microzooplankton
grazing losses (mSyn) varied from 0 to 1.04 d21, with a
mean of 0.49 6 0.27 d21. Synechococcus growth was
positively correlated with ambient phosphate concentration
(r 5 0.39, p , 0.05, n 5 28), although significant nutrient
limitation effects from incubations with and without added
nutrients were evident at only three stations (Stas. 5, 11,
Fig. 2. Distributions of (A) sea surface temperature (uC), (B) salinity, (C) phosphate (nmol L21), and (D) Chl a (ng L21), and cell
densities (104 cells mL21) of (E) Prochlorococcus, (F) Synechococcus, (G) picophytoeukaryotes, (H) heterotrophic bacteria, and (I)
heterotrophic flagellates. Triangles represent sampling stations.
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and 25). Microzooplankton consumed 62% 6 38% of
Synechococcus standing stock d21 (range 5 0% to 158%)
and 61% 6 25% of production (range 5 0% to 113%).
Growth rates of picophytoeukaryotes (mEuk) averaged
0.54 6 0.50 d21 (range 5 20.62 to 1.78 d21), and mean
microzooplankton grazing (mEuk) was 0.35 6 0.25 d21
(range 5 0 to 1.09 d21). Significant nutrient limitation
(mo : mn , 0.8) was evident for picophytoeukaryotes in more
than half of the experiments conducted. Microzooplankton
consumption averaged 40% 6 32% d21 of the standing
stock of picophytoeukaryotes (range 5 0% to 137%).
Excluding the data with mEuk , 0.2, grazing accounted for a
daily loss of 63% 6 40% of picophytoeukaryote production
(range 5 0% to 167%, n 5 22).
By inspection, rate distributions showed some similari-
ties for all populations, with high rates in the southwest and
low rates in the northeast corners of the study region,
similar to Chl a (Fig. 4). Some population differences were
evident, however, with the cooler-water, elevated-Chl area
of the cold offshore jet being one of relatively high growth
and grazing for Chl a, low growth and high grazing for
Prochlorococcus, low growth and low grazing for Synecho-
coccus, and generally elevated growth and reduced grazing
for picophytoeukaryotes. The Mekong River (Sta. 27),
distinguished from the cold jet on the basis of salinity,
surprisingly increased the growth rates of all ultraphyto-
plankton populations, even though the abundances of these
populations, especially Prochlorococcus, were generally low
in these waters (Figs. 2, 3).
Rate relationships—Similar to Chl-based rate estimates
(Fig. 5A), paired growth and grazing estimates were
positively correlated for each ultraphytoplankton popula-
tion (Fig. 5B–D). Population growth rates (mPro, mSyn, and
mEuk) were also positively correlated with each other, as
were mPro, mSyn, and mEuk (p , 0.01 for all bivariate
correlations). Contemporaneous estimates of mPro were
usually lower than mSyn, except for a few stations like Sta.
11 (Fig. 6A). Paired t-test confirmed the general growth
rate disparity (p , 0.01, df 5 27), but mPro and mSyn
differences were insignificant (Fig. 6B; paired t-test, p .
0.05, df 5 27). Figure 6B suggests that mPro and mSyn can
be more decoupled than their respective growth rates.
Notably, Stas. 10, 11, and 21 were stations of dispropor-
tionately high mortality for Prochlorococcus compared with
Synechococcus (Fig. 4F,G). Among other population rate
comparisons, estimates of mEuk were significantly lower
than mSyn (paired t-test, p , 0.01, df 5 27), and grazing loss
rates of picophytoeukaryotes (mEuk) were also significantly
lower than either mPro or mSyn (paired t-tests, p , 0.01, df
5 27).
Chl-based rate estimates were strongly and positively
related to Chl concentration (p , 0.01; Fig. 7A,D), and
rates and abundance were also significant (p , 0.05) for
Synechococcus (Fig. 7C,F). Though not statistically signif-
icant, growth rate plots for Prochlorococcus and picophy-
toeukaryotes are of interest because they suggest inverse,
rather than positive, relationships with population abun-
dances (Fig. 7B). For experiments conducted at Prochlor-
ococcus cell abundances higher and lower than the median
112,000 cells mL21, mean growth rate estimates were, in
fact, significantly higher at lower abundance (0.80 6 0.27
vs. 0.50 6 0.23 d21; independent t-test, p , 0.01, df 5 13).
The same comparison for picophytoeukaryotes was insig-
nificant. Prochlorococcus abundance was also negatively
correlated with mChl and mChl (r 5 20.45 and 20.46,
respectively, p , 0.05). Thus, this component of the
ultraphytoplankton assemblage was generally more abun-
dant in waters where overall community growth and
grazing rates were low. In contrast, picophytoeukaryote
abundance was positively related to mChl (r 5 0.40 and 0.43,
p , 0.05), and Synechococcus outnumbered Prochlorococ-
cus only where community growth and grazing rates were
high.
Community (mChl) and population rates of grazing
mortality rates, with the exception of Prochlorococcus,
were positively correlated with the abundance of hetero-
trophic nanoflagellates. Prochlorococcus growth was also
the only population rate estimate that did not correlate
significantly with the corresponding Chl-based rate
(Fig. 8A). Estimates of mEuk typically fell closest to the
1 : 1 line with mChl (Fig. 8C), and Synechococcus growth
Fig. 3. (A) Population cell abundances and (B) percentage
contributions to total ultraphytoplankton biomass relative to
concentration of Chl a in the South China Sea. Prochlorococcus
(Pro), Synechococcus (Syn), picophytoeukaryotes (Euk), hetero-
trophic bacteria (Hbac), and heterotrophic flagellates (HF).
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generally exceeded mChl, except notably at Stas. 5 and 27,
where diatom densities were high (Fig. 8B). Except for
Stas. 5 and 27, mPro and mSyn typically had close to a 1 : 1
relationship with mChl (Fig. 8D,E). At most stations, mEuk
was lower than mChl, and this difference was also most
pronounced at Stas. 5 and 27 (Fig. 8F).
Discussion
General relationships to physical features—At the time of
our study in September 2007, the SCS was a region of
generally low (,0.3 mg L21) chlorophyll, low concentra-
tions of near-surface nutrients, and dominance by small
phytoplankton. Nonetheless, it provided a rich array of
subtly altered system states from mesoscale eddies,
currents, onshore–offshore gradients, and river influences
as a context for our experiments. The scope of the present
study was insufficient to unravel details of the physical
dynamics of the region or how observed features contrib-
uted individually and collectively to the measured phyto-
plankton responses. Nonetheless, it does provide results
across a spectrum of natural tropical ocean habits from
which we can draw insights into the growth and grazing
processes that shape open-ocean communities.
Comparisons between mChl and growth rates of ultra-
phytoplankton suggest that phytoplankton community
structure was an important factor determining mChl. For
example, high rates of mChl at Stas. 5, 25, and 27 appear to
be related to the presence of abundant diatoms at those
stations (Table 1). Among the larger components of
phytoplankton communities, diatoms are noted for their
high growth rate potential relative to most other taxa, and
their growth rate responses can significantly affect the
community average even when they represent a small
portion of the assemblage in terms of cell abundance
(Landry et al. 2003; Barber and Hiscock 2006). The
differences between the community growth rates with
nutrient enrichment (mn9) and the mn rates of ultraphyto-
plankton were thus larger when diatoms were more
abundant (Table 1). However, community growth rates
were also more sensitive to nutrient availability in the
ambient environment than were population-specific rates
of the ultraphytoplankton, as reflected in the proportions
and magnitudes of rate differentials with and without
added nutrients. Depressed rates of Prochlorococcus
growth (mPro) at diatom-enhanced Stas. 5 and 25 suggest
an inability of Prochlorococcus to cope with increasing
trophic enrichment, which appears, however, not to
preclude high mPro at Sta. 6 and 27. High rates of
metabolism and amino acid uptake have been found for
Prochlorococcus near its habitat boundaries (Zubkov and
Tarran 2005), but it is unclear how such physiological
responses and substrate availabilities may have influenced
outcomes in the present experiments.
Fig. 4. Sea surface distributions of phytoplankton growth and microzooplankton grazing rates (d21) in the South China Sea. (A, E)
Growth and mortality rate of Chl, (B, F) growth and mortality rate of Prochlorococcus, (C, G) growth and mortality rate of
Synechococcus, (D, H) growth and mortality rate of picophytoeukaryotes.
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Growth rate enhancement of the phytoplankton com-
munity was moderate in the eastern surface waters of Eddy
I, perhaps reflecting eddy type or the eddy’s stage of
development (McGillicuddy et al. 2007). Phosphate con-
centration was elevated in surface waters of the core region
near Stas. 9 and 13, but low diatom abundance and high
densities of Prochlorococcus around that area suggest that
the biological response was not extraordinary. One needs to
be careful, however, in interpreting eddy responses by their
surface manifestations, as illustrated by a recent study of a
cold-core eddy, Cyclone Opal, off Hawaii (Benitez-Nelson
et al. 2007). In that case study, the mixed-layer community
overlying a central region of dramatically uplifted iso-
pycnal surfaces remained generally similar to surrounding
waters, except for elevated growth rates of Prochlorococcus,
whereas a massive bloom of large chain-forming diatoms
dominated the lower euphotic zone (Brown et al. 2008;
Landry et al. 2008). In the present study, Prochlorococcus
growth was locally low in the Eddy I core area, and only
Synechococcus seemed to respond positively to the higher
levels of phosphate there (Figs. 2C, 4C).
Eddy II may have been more mature that Eddy I, as
indicated by its relatively low concentrations of phosphate
and Prochlorococcus and elevated abundances of Synecho-
coccus and picophytoeukaryotes (Fig. 2). Judged by the
data from Stas. 5 and 20, however, the effects of the
offshore cold jet on surface-water Chl a, mChl, diatoms,
picophytoeukaryotes, heterotrophs, and grazing were much
more pronounced than the effects of either of the two
eddies. The stimulatory effects of the Mekong River (Sta.
27) on diatoms and the growth rates of all phytoplankton
components in surface waters were also remarkable and
could be comparable with the effects of the cold jet (Figs. 2,
4).
Growth rates and habitat associations—One clear result
of our study is that sites of observed taxon dominance were
not necessarily coincident with environmental conditions
that promoted optimal growth. The circumstances for
Prochlorococcus are especially instructive on this point
because they show overall a negative association between
abundance and growth rate. Cell densities of Prochlor-
Fig. 5. Relationships between grazing mortality and growth rates for (A) Chl, (B)
Prochlorococcus (Pro), (C) Synechococcus (Syn), and (D) picophytoeukaryotes (Euk) in the
South China Sea. Dashed lines represent 1 : 1 relationships. r and p are correlation coefficients
and statistical significance levels, respectively. Error bar 5 1 SE.
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ococcus were highest in the northeast corner of the study
region (Fig. 2E), the sector furthest removed from direct
coastal and river influences but not necessarily the most
oligotrophic, as evident in the distributions of surface
phosphate (Fig. 2C). In contrast, growth rates of Prochlor-
ococcus were generally highest in the southwest corner of
the region (Fig. 4B), with local peaks also at Sta. 11 and 21,
both sites of low to moderate cell densities.
Growth rates of Synechococcus were strongly correlated
with those of Prochlorococcus (r 5 0.54, p , 0.01) and were
significantly higher on average (Fig. 6A), a factor that
brings into question the relative competitive advantages of
Prochlorococcus in the study area. A closer look at the
pattern reveals, however, that the rate differential between
these two genera occurred principally at stations where
their growth rates were both relatively high. At stations of
generally lower growth rates, their rates tended to be more
equal, and Prochlorococcus growth exceeded Synechococcus
in several cases. The locations of these stations—principally
Stas. 1, 11, and 15, with more modest differences at Stas. 4,
8, 18, and 28—define an area of relative growth rate
advantage for Prochlorococcus that resided along the outer
edge of Eddy I (Fig. 4). Variations in grazing mortality add
surprisingly little to this first-order assessment, however;
the stations of significant relative growth rate advantage
(Stas. 1, 11, 15, 18, and 28) remain largely the same because
the comparable mSyn and mPro rates left small residual
differences. The areas of relative population advantage for
Prochlorococcus are thus defined mainly by growth rate
differences. This may explain why recent modeling ap-
proaches that define photosynthetic bacteria by only their
physiologies have been quite successful in reproducing
habitat preferences and large-scale distributions in the
natural environment (Follows et al. 2007).
With regard to possible experimental issues of our
growth rate estimates, Worden and Binder (2003) reported
several cases in which the addition of ammonia and
phosphate had negative effects on growth rates of
Prochlorococcus and Synechococcus. They also suggested
that nutrient addition might increase microzooplankton
grazing on Prochlorococcus and Synechococcus, presum-
ably because of improved food quality. In 3 of our 28
experiments (8, 10, and 11), mn of Prochlorococcus was
substantially lower than mo, possibly because of a ‘‘nutrient
shock’’ effect. This phenomenon was not observed at all for
Synechococcus. Given these few occurrences of negative
effects, we do not consider nutrient addition to be a major
issue for interpreting results for Prochlorococcus and
Synechococcus in our experiments.
Coupling between growth and grazing—That grazing
mortality differences seem to provide little explanatory
power to the environmental growth rate advantages of
Prochlorococcus and Synechococcus could be because of the
close coupling of growth and mortality rates within each
group (Fig. 5) and/or because of the coupling of mortality
rates between groups (Figs. 6B, 8D–F). The former is a
general observation from dilution studies of growth and
grazing (Landry et al. 2000; Murrel et al. 2002) that
underlies the capacity of microzooplankton to respond
rapidly to variations in their prey resource environment
(Banse 1982). The latter is expected from the shared
vulnerability of similar types of prey to the same
assemblage of consumers.
If we assume that nanoflagellates dominate the consum-
er assemblage for bacterial prey and that their mode of
feeding is predominately random direct interception, the
grazing mortality rates experienced by Prochlorococcus and
Synechococcus are more similar than expected from theory
based on their cell size differences (Monger and Landry
1990). Although it can be argued that more mortality rate
estimates for Synechococcus in Fig. 6B lie above the 1 : 1
comparison line than below, few exceed the approximately
40–50% higher values that would be predicted from rate
proportionality to cell radius or r0.8 (Monger and Landry
1991). The general similarity between contemporaneous
rate estimates for these two prey organisms could be
Fig. 6. Relationships between (A) growth and (B) grazing
mortality rates of Synechococcus (Syn) and Prochlorococcus (Pro)
in the South China Sea. r and p are correlation coefficients and
statistical significant levels, respectively. Error bar 5 1 SE. Some
apparent outliers mentioned in the text are marked by open
symbols with station numbers.
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indicative of cell properties that affect their relative
vulnerabilities to predation independent of size. For
example, Monger et al. (1999) found that cell-surface
hydrophobicity, a factor that may vary with growth rate or
environmental conditions, accounted for a twofold differ-
ence in grazing vulnerabilities of similarly sized strains of
Prochlorococcus. Thus, relatively modest differences in the
cell surface properties of Prochlorococcus and Synechococ-
cus might reasonably mask their expected relative vulner-
abilities to flagellate consumers based solely on size.
Nonetheless, there were also occasions in the present study
in which grazing mortality rate estimates for Prochloro-
coccus greatly exceeded those for Synechococcus, notably
by about threefold at Stas. 10 and 11. These adjacent
stations in the northwest corner of the study area were
characterized by generally low rates of growth and grazing
rates for Synechococcus, picophytoeukaryotes, and the
total community, but differed in terms of growth rates of
Prochlorococcus (high at 11, low at 10). The dispropor-
tionately high rates of mortality on Prochlorococcus relative
to other populations suggests a Prochlorococcus-specific
mortality effect that scales with the dilution effect on
population density, which precludes a direct effect of
viruses (Baudoux et al. 2007). Evans and Wilson (2008)
have found recently, however, that some forms of viral
infection might operate indirectly to enhance preferential
feeding by grazers. Such a mechanism would be consistent
with our few observations of markedly uncoupled mortality
rates, although it is unclear whether such virus-grazing
synergies are significant in natural systems or what specific
environmental circumstances may have caused them to
become important only at certain sites in our study area.
The positive relationships observed among Chl a
standing stocks and Chl-based growth and grazing rates
(Figs. 5A, 7A,D) are consistent with the general perception
of quasi–steady-state balance between growth and grazing
(Barber and Hiscock 2006) and simple models that assume
that communities are built from the bottom up as new
niches (larger phytoplankton and grazers) are added by
increasing the total inventory of nutrient resources
(Thingstad 1998). Phytoplankton species or types with the
lowest equilibrium resource requirements (R*; Tilman
1982), such as Prochlorococcus, thus dominate highly
oligotrophic environments where grazing is relatively low.
Added resources saturate the nutrient uptake and growth
rates of such low-nutrient organisms as the increasing
biomass supports more grazers (Irigoien et al. 2005).
Ultimately, growth and grazing rates of low-nutrient
populations come into balance, creating opportunities for
less-efficient competitors with increasing system richness.
The present observations follow such a pattern, with
Synechococcus and picophytoeukaryotes as well as grazers
(heterotrophic flagellates) becoming relatively more abun-
dant at stations of intermediate to higher Chl a (Fig. 3;
Marañón et al. 2003), and with diatoms most prevalent in
the richest areas (Table 1). Although it is not the case in
nature that higher rates of phytoplankton community
growth and turnover should always go hand in hand with
increasing community biomass (e.g., stagnant blooms), that
at least appears to be the case within the range of
conditions encountered in the oligotrophic SCS, where
successively added populations have higher growth rate
potentials (diatoms . Synechococcus . Prochlorococcus;
Figs. 6A, 8A–C).
Fig. 7. Relationships between (A–C) growth rates (m) and (D–F) grazing rates (m) and
standing stocks in the South China Sea. (A, D) Chl a, (B, E) Prochlorococcus (Pro), (C, F)
Synechococcus (Syn). r and p are correlation coefficients and statistical significance levels,
respectively. Error bar 5 1 SE.
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Barber and Hiscock (2006) have recently argued that
certain long-standing views about successional processes in
marine phytoplankton communities may have been misin-
terpreted, citing as an example the existence of vibrant up-
shifted picophytoplankton-based food webs during diatom
blooms. As seen, for example, in open-ocean iron
fertilizations, diatoms do not replace picophytoplankton
during bloom conditions, but overprint the grazer-regulat-
ed smaller cells, which may turn over more rapidly but
change little in terms of biomass or even composition
(Landry et al. 2000; Landry and Kirchmann, 2002).
Although this view might capture the essence of how
widely-separated size classes of phytoplankton respond to
resource enrichment, within size classes, where populations
are linked by shared vulnerability to common consumers,
there is plenty of room for mortality pressures to drive
successional processes to the advantage of forms that can
grow most quickly. Generalist consumers like nanoflagel-
lates, for example, respond to the combined biomass of a
prey assemblage that includes Prochlorococcus, Synecho-
coccus, heterotrophic bacteria, and small eukaryotes
(Fig. 3A). As total prey biomass and the grazing pressure
on it increases (Figs. 7D, 8D–F), the mortality effect on
slower growing taxa like Prochlorococcus can advance
beyond a growth-rate sustainable level. As a consequence,
when population turnover rates increase with increasing
tropic conditions in the SCS, Synechococcus replaces rather
than overrides Prochlorococcus as the dominant contribu-
tor to ultraphytoplankton biomass and production
(Fig. 3B).
Our study illustrates that Synechococcus displaces
Prochlorococcus as the numerical ultraphytoplankton
dominant in the relatively narrow range of environmental
conditions ranging from open-ocean oligotrophy to modest
eddy- and upwelling-enhanced mesotrophy in the SCS.
Higher growth rate potential is an important part of the
advantage of Synechococcus and diatoms when conditions
allow the phytoplankton community to grow rapidly. In
addition, however, the close coupling of microbial mortal-
ity rates via common predators plays a significant role in
driving the dominance transition as grazing pressure
increases. Results also indicate that there can be significant
unexplained variability in contemporaneous mortalities
experienced by different microbial populations in the same
experiments. The mechanisms that link and occasionally
decouple loss rates thus both need careful elucidation in
future study.
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